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LiNi1/3Mn1/3Coi/302  compound  was  successfully  synthesized  by  the  co-precipitation  method.  The  effect 
of  H20  on  LiNi1/3Mn1/3Coi/302  in  humid  atmosphere  was  investigated  by  structural,  magnetic  and  electro¬ 
chemical  analysis,  and  Raman  spectroscopy.  The  consequence  is  that  immersion  of  LiNi1/3Mn1/3Coi/302  to 
H2O  and  exposure  of  LiNii/3Mni/3Coi/302  to  humid  atmosphere  (ambient  atmosphere,  20  °C,  50%  relative 
humidity)  led  to  a  rapid  attack  that  manifests  itself  by  the  delithiation  of  the  surface  layer  of  the  particles 
and  the  concomitant  formation  of  LiOH  and  Li2  C03  at  the  surface.  This  aging  process  occurred  during 
the  first  few  minutes,  then  it  is  saturated,  and  the  thickness  of  the  surface  layer  at  saturation  is  lOnm. 
After  aging,  an  initial  discharge  capacity  of  139  mAh/g  was  delivered  at  lC-rate  in  the  cut-off  voltage  of 
3.0-4.3  V.  About  95%  of  its  initial  capacity  was  retained  after  30  cycles. 

©  201 1  Elsevier  B.V.  All  rights  reserved. 


1.  Introduction 

The  layered  transition-metal  oxide  LiNi^Mn^Co^C^  seems 
very  promising  to  replace  LiCo02  for  rechargeable  Li-ion  batteries, 
due  to  its  higher  reversible  capacity  with  milder  thermal  stability 
at  charged  state,  lower  cost  and  less  toxicity  than  LiCo02  [1-4]. 
However,  the  extensive  use  of  LiNi^Mn^Co^C^  requires  inves¬ 
tigation  of  the  stability  of  this  material.  Abuse  tolerance  is  known 
to  be  an  important  parameter  for  industrial  applications,  because 
protections  for  Li-ion  batteries  are  expensive.  Tolerance  upon  expo¬ 
sure  to  humidity  is  also  an  important  parameter  as  it  conditions  the 
storage  for  the  material. 

The  lamellar  compounds  and  actually  all  the  cathode  ele¬ 
ments  have  to  some  extent  a  hygroscopic  character.  That  of 
LiNi0.83Co0.i5Al0.oo502  has  been  investigated  in  [5].  When  this 
material  is  exposed  to  air  with  relative  humidity  50%  for  48  h,  the 
moisture  content  was  1270  ppm.  When  this  air-exposed  material 
was  heat-treated  at  700  °C  for  2  h,  the  moisture  content  in  the  pow¬ 
der  decreased  to  250  ppm,  but  its  value  increased  to  2576  ppm 
after  being  exposed  to  air  again.  The  moisture  content  measured 
for  LiCo02  is  in  the  range  100-300  ppm  [5].  This  hygroscopic  char¬ 
acter  is  not  specific  to  lamellar  compounds,  and  has  also  been 
observed  in  olivine  LiFeP04  for  instance  [6].  The  phenomenon  is 
due  to  the  high  reactivity  of  Li  with  H20,  which  is  responsible  for 
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the  complete  delithiation  of  the  surface  layer  over  a  thickness  of  few 
nanometers. 

The  lithium  that  is  removed  from  the  surface  layer  forms  other 
Li-compounds  that  have  also  been  observed,  such  as  LiOH  in  case  of 
LiFeP04  exposed  to  air  for  a  rather  short  period  of  time  (few  days), 
or  Li2C03  in  case  of  longer  time  of  exposure  (few  months)  [6].  The 
same  holds  true  for  LiNi02  [7].  For  LiNio.sCoo.isAlo.oosfb  powder 
also,  since  the  long-term  exposure  to  air  produced  a  dense  Li2C03 
coating  approximately  a  few  nm  thick,  which  severely  reduces  the 
capacity  in  an  irreversible  manner  [8  ].  The  exposure  to  moisture  has 
been  also  investigated  in  LiNq  _x_yCoxMny02.  For  1  -x-y>0.8, 
the  rapid  reaction  of  this  product  with  air  also  results  in  the  forma¬ 
tion  of  LiOH  and  Li2C03  and  on  the  surface  [8-10].  In  the  present 
work,  we  used  Raman  spectroscopy  to  determine  the  nature  of 
the  impurities  formed  on  the  surface  by  the  lithium  that  has  been 
removed  from  the  surface  layer,  since  this  technique  that  does 
not  require  measurements  under  vacuum  is  best  suited  for  in  situ 
investigation  of  the  surface  degradation  upon  exposure  to  ambi¬ 
ent  atmosphere.  We  find  that  both  LiOH  and  Li2C03  are  formed  at 
the  surface  of  LiNi1/3Mn1/3Co1/302  even  for  short  time  of  exposure, 
which  extends  to  a  broader  range  of  concentration  the  sensitivity  of 
LiNii  _x_yCoxMny02  reported  for  1  -x-y  >0.8,  since  l-x-y  =  l/3 
in  our  case. 

In  our  prior  work  on  LiFeP04,  the  remarkable  sensitivity  of 
magnetic  experiments  made  them  a  very  useful  tool  to  quantify 
this  reactivity  to  H20  in  the  ambient  air,  since  the  delithiation  of 
the  surface  layer  imposes  that  all  the  iron  ions  in  it  change  their 
valence  from  Fe2+  to  Fe3+,  and  these  ions  do  not  carry  the  same 
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magnetic  moment.  The  same  holds  true  in  the  lamellar  compounds 
LiNi1/3Mn1/3 Co^C^,  except  that  it  is  now  the  nickel  ions  that 
switch  to  the  Ni4+  valence  state  in  the  surface  layer.  In  the  present 
work,  we  use  this  effect  to  extend  our  prior  analysis  of  LiFeP04 
to  LiNi1/3Mn1/3Co1/302,  which  makes  possible  a  more  quantita¬ 
tive  comparison  between  the  sensitivity  of  this  lamellar  and  the 
olivine  compound  to  exposure  to  humidity.  For  this  purpose,  we 
have  explored  the  reactivity  of  LiNi^Mn^Co^C^  to  FI2O  by 
investigating  the  evolution  of  the  magnetic  and  optical  proper¬ 
ties  of  LiNi1/3Mn1/3Co1/302  upon  exposure  to  moisture  (ambient 
air  20  °C,  60%  humidity)  and  the  correlated  degradation  of  the  elec¬ 
trochemical  properties.  Our  results  confirm  the  general  trend  that 
the  lamellar  compounds  are  more  sensitive  than  the  olivine  com¬ 
pounds  to  humidity. 


Table  1 

Lattice  parameters  a,  c,  c/a,  Vof  two  samples  of  Lii  +x(Nii/3Mni/3Coi/3  )i  _x02  (x  =  0.02, 
0.04)  before  and  after  aging. 


Sample 

a(  A) 

c(  A) 

c/a 

V(A3) 

A 

2.8650(1) 

14.252(2) 

4.9745(9) 

101.31(2) 

A-aging 

2.8642(1) 

14.250(3) 

4.9752(8) 

101.25(3) 

B 

2.8603(2) 

14.241(2) 

4.9788(10) 

100.90(3) 

B-aging 

2.8604(2) 

14.238(1) 

4.9776(7) 

100.88(2) 

was  1.0  mol  L-1  LiPF6  in  a  mixture  of  ethylene  carbonate  (EC)  and 
diethyl  carbonate  (DEC)  (1:1,  v/v).  The  cells  were  galvanostatically 
cycled  between  3.0  V  and  4.3  V  versus  Li°/Li+  on  a  Land  CT2001A 
battery  tester  (China,  Wuhan  Jinnuo  Electronics  Co.  Ltd)  at  room 
temperature. 


2.  Experimental 


3.  Results  and  discussion 


2.1.  Sample  synthesis  and  aging  process 


3.1.  Structural  analysis 


The  synthesis  of  LiNi1/3Mn1/3Co1/302  powder  was  performed  by 
a  hydroxide  route,  using  transition-metal  hydroxide  and  lithium 
carbonate  as  starting  materials.  Two  samples,  say  A  and  B,  were 
synthesized,  which  differ  by  the  initial  lithium  over  metal  ratio  Li/M 
(with  M  =  Ni  +  Mn  +  Co)  in  the  precursors.  The  samples  investigated 
in  this  work  are  the  samples  named  A  and  B  in  Ref.  [11],  obtained 
after  firing  at  950  °C  for  lOh,  with  Li/M  =1.05  for  sample  A  and 
Li/M  =  1.10  for  sample  B.  The  detailed  information  on  the  synthesis 
(choice  of  precursors,  procedure)  can  be  found  in  Ref.  [11].  Reactiv¬ 
ity  to  humidity  has  been  studied  by  using  the  following  procedures 
in  two  steps.  First,  make  immersion  of  1  g  of  pristine  powder  into 
100  ml  distilled  water  and  mix  them  at  room  temperature  with 
continuous  magnetic  stirring  for  different  periods  of  time  (15  min, 
30  min,  2h,  17h).  Then  evaporate  the  water  and  dry  at  120°C  to 
get  the  final  powder.  Second,  put  the  powder  in  the  humid  atmo¬ 
sphere  (ambient  air  at  20  °C,  60%  relative  humidity)  for  different 
periods  of  time  (1  day,  1  week,  1  month).  Flowever,  as  we  shall  see, 
no  change  has  been  detected  during  the  second  step,  and  the  aging 
of  the  particles  only  occurs  during  the  immersion  in  water  during 
the  first  15  min. 

The  aging  has  been  characterized  by  measurements  of  the  mag¬ 
netic  and  optical  properties.  All  the  details  on  the  apparatus  that 
have  been  used  can  be  found  in  Ref.  [11].  The  temperature  depen¬ 
dence  of  the  susceptibility  data  was  recorded  during  heating  of  the 
sample  using  two  modes:  zero  field  cooling  (ZFC)  and  field  cooling 
(FC),  to  determine  the  magnetic  behavior.  The  procedure  is  based  on 
performing  two  consecutive  magnetization  measurements:  in  ZFC 
the  sample  is  first  cooled  down  in  the  absence  of  magnetic  field, 
then  a  magnetic  field  H=  lOkOe  is  applied,  and  the  ZFC  magnetic 
susceptibility  M(T)/H  where  M  is  the  magnetization  is  measured 
upon  heating.  In  the  FC  experiments,  the  same  magnetic  field  is 
applied  first  at  room  temperature;  the  FC  susceptibility  is  measured 
upon  cooling. 


2.2.  Electrochemistry 

The  electrochemical  properties  were  tested  at  room  tem¬ 
perature  in  cells  with  metallic  lithium  as  anode  electrode. 
Charge-discharge  tests  were  performed  on  coin  type  cell  (CR2032). 
Composite  positive  electrode  was  prepared  by  thoroughly  mix¬ 
ing  the  active  material  (90wt%)  with  carbon  black  (2wt%), 
acetylene  black  (2wt%),  polyvinylidene  fluoride  (6wt%)  in  N- 
methyl-pyrrolidinone  and  spread  onto  aluminium  foils  then  dried 
for  24  h  at  120°C  in  vacuum.  Cells  were  then  assembled  in  an 
argon-filled  glove  box  (Braun,  Germany)  using  foils  of  Li  metal  as 
counter  electrode  and  Celgard  2400  as  separator.  The  electrolyte 


The  samples  A  and  B  have  been  characterized  by  inductively  cou¬ 
pled  plasma  (ICP)  spectroscopy  and  X-ray  diffraction.  The  results, 
together  with  the  Rietveld  refinements  for  both  samples  have  been 
reported  in  Ref.  [1 1  ].  To  summarize  the  results  reported  in  this  ear¬ 
lier  work  (Table  1  in  Ref.  [11]),  we  found  that  the  molar  ratio  of 
the  final  product  is  within  1%  for  all  the  components,  corresponds 
to  the  formula  Li!  +x(Ni1/3Mn1/3Co1/3)i  _x02  with  x  =  0.020(4)  and 
0.040(4)  for  samples  A  and  B,  respectively. 

As  seen  in  Fig.  la  and  b,  the  Bragg  lines  are  well  indexed  in 
the  R3m  space  group  with  the  hexagonal  ordering.  No  impurity 
phases  are  detected  and  the  powders  are  well  crystallized  in  the  a- 
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Fig.  1.  XRD  patterns  of  Lii.o2(Nii/3Mn1/3Coi/3)o.9802  before  and  after  aging  for  sam¬ 
ples  A  and  B. 
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Fig.  2.  Plot  of  the  reciprocal  magnetic  susceptibility  H/M  before  aging  and  after  aging 
for  different  periods  of  time  for  sample  A  (a)  and  B  (b).  Data  were  collected  with  a 
magnetic  field  H=10k0e.  After  aging  17  h  +  4 weeks  means  that  the  material  has 
been  immersed  for  17  h  in  water  before  drying,  then  dried  and  left  4  weeks  at  room 
temperature  in  ambient  atmosphere  humidity.  The  insert  in  (b)  is  an  enlargement 
to  show  the  difference  at  different  times  of  exposure. 

NaFe02  type  structure  [12,13].  The  (006)/(l  02)  and  (1  08)/(l  1  0) 
doublets  are  both  well  separated,  which  indicate  a  good  hexag¬ 
onal  ordering  of  Li1+x(Ni1/3lVIn1/3Co1/3)i  _x02  after  aging  process 
[14,15].  The  narrow  diffraction  peaks  of  the  pattern  indicate  a  high 
crystallinity  of  the  powders  and  suggest  a  homogeneous  distribu¬ 
tion  of  the  cations  within  the  structure  [16].  Let  us  also  recall  that 
the  lattice  coherence  length  in  the  plane  perpendicular  to  the  c-axis 
is  59.4(4)  nm  and  that  the  mean  crystallite  size  along  the  c-axis  is 
8  nm  larger  than  in  the  perpendicular  direction  Ref.  [11].  This  elon¬ 
gated  shape  of  the  crystallites  is  correlated  to  the  anisotropic  shape 
of  the  particles  observed  by  SEM  for  both  samples  [11].  The  lattice 
parameters  of  synthesized  samples  were  obtained  by  least-square 
method  and  the  results  were  summarized  in  Table  1 .  There  is  no  big 
difference  in  lattice  parameters  of  the  samples  after  aging,  which 
means  that  the  exposure  to  humidity  only  affect  the  surface  layer 
of  Lii  +x(Ni1/3Mn1/3Co1/3)i  _x02.  We  will  determine  its  thickness  by 
magnetic  measurements  that  are  more  sensitive  than  XRD  [6]. 

3.2.  Magnetic  analysis 


Table  2 

Magnetic  properties  of  two  samples  before  and  after  aging,  i.e.  after  immersion  in 
water  during  a  time  t>  15  min. 


Samples 

Cp(emuK/mol) 

©P  (K) 

/Xeff  (/Xb)  (±0.01) 

Cation  mixing  (%) 

A  before  aging 

0.99 

-89 

2.83 

1.88 

A  after  aging 

1.08 

-87 

2.96 

1.89 

B  before  aging 

0.85 

-80 

2.62 

1.50 

B  after  aging 

0.95 

-79 

2.77 

1.52 

Xm  =  (T  -  @p)/Cp,  with  6>p  the  Curie-Weiss  temperature,  and  Cp 
the  Curie  constant  related  to  the  effective  magnetic  moment  /xeff 
by  the  relation  Cp  =  NfjL^/3kB  with  kB  the  Boltzmann  constant  and 
N  the  number  of  metal  ions  in  one  mole  of  product.  The  values 
of  the  two  fitting  parameters  (9P  and  /xeff  obtained  are  reported 
in  Table  2.  The  accuracy  on  (9P  is  ±1 1<  (i.e.  slightly  larger  than 
1%).  The  relative  error  on  the  magnetic  moment  /xeff  is  smaller, 
because  (9P  is  determined  by  extrapolation  of  the  Curie-Weiss  law 
from  the  range  1 00-300  K  to  -90  K,  while  /xeff  results  from  the 
measurement  of  the  slope  of  the  linear  x_1(T)  law  [17].  In  addi¬ 
tion,  this  slope  is  in  /x2ff,  which  reduces  the  relative  error  on  /xe ff 
by  a  factor  2.  As  a  consequence,  the  absolute  error  on  the  values 
of  /xe ff  in  Table  2  is  ±0.01.  <9P  is  negative  in  all  compounds  and 
this  is  an  intrinsic  property  due  to  the  fact  that  intrinsic  magnetic 
interactions  are  mainly  the  intra-layer  super-exchange  interactions 
mediated  via  oxygen  at  90°  bonding  angle,  which  are  dominantly 
antiferromagnetic  according  to  the  Goodenough  rules  [18-22].  In 
addition,  the  experimental  value  of  the  effective  magnetic  moment 
/xeff  of  samples  A  and  B  after  aging  in  the  paramagnetic  regime 
increase  to  2.96 /xB  and  2.77 /xB,  respectively.  But  when  the  aging 
time  increases  (from  15  min  to  17  h),  /xe ff  does  not  change  signifi¬ 
cantly  anymore  (see  Fig.  2).  Therefore,  the  immersion  in  water  has 
important  effects  on  the  magnetic  properties,  but  during  the  first 
15  min  only.  The  magnetization  curves  do  not  change  upon  longer 
times  of  immersion. 

We  attribute  the  increase  of  /xeff  upon  exposure  to  humidity 
to  the  delithiation  of  a  surface  layer  over  a  thickness  d.  Due  to  the 
excess  of  lithium  (in  concentration  x  =  0.02  instead  of  0.00),  the  elec¬ 
trical  neutrality  implies  that  there  are  2x  nickel  ions  in  the  trivalent 
state  (low  spin  state  5  =  1/2)  [11].  Due  to  the  very  strong  reactivity 
of  Li  to  humidity,  not  only  for  metal  Li,  but  also  for  Li  in  interca¬ 
lation  compounds  [6],  we  can  assume  that  the  delithiation  in  the 
surface  layer  has  reached  the  situation  where  all  the  Ni2+  ions  and 
Ni3+  ions  have  been  converted  in  Ni4+  ions.  Take  sample  A  as  an 
example,  the  effective  moment  for  sample  A  is  /xi  =  2.83  /xB  before 
aging,  increasing  to  /x2  =  2.96/xB  after  aging.  Let  us  recall  that  the 
magnetic  moments  carried  by  Ni2+  and  Ni4+  are  /xNi2+  =  2.83  /xB  and 
/xNi4+  =  4.90/xB.  Let/Ni  be  the  fraction  of  Ni2+  and  Ni3+  converted 
to  Ni4+  upon  delithiation.  Taking  into  account  that  the  amount  of 
Ni2+  is  [(1  -x)/3  -  2x]  =  0.287,  and  the  amount  of  Ni3+  is  2x  =  0.04 
for  sample  A,  we  find: 

A  -  A  =/Ni[0.287(^.4+  -  /±2+)  +  0.°4(/±4+  -  ^j3+)]  (1) 

The  result  is/Nj  =  0.14,  which  corresponds  to  a  concentration  of 
nickel  converted  to  Ni4+  per  mole  Ax  =  (0.287  +  0.04) /Ni  =  0.046. 

Since  each  mole  of  Ni2+  and  of  Ni3+  oxidized  to  Ni4+  requires  2 
moles  of  Li+  ions,  and  1  mole  of  Li+  ions,  respectively,  the  fraction 
of  Li  lost  during  aging  process  is: 


The  temperature  dependence  of  the  reciprocal  magnetic  suscep¬ 
tibility,  Xm  =  H/M  is  presented  in  Fig.  2a  and  b  for  the  two  samples 
before  aging,  and  after  aging  for  different  periods  of  time.  Above 
150K,  the  curve  Xm(T)  shows  a  paramagnetic  (PM)  behavior  and 
the  magnetization  is  linear  in  field  for  all  the  samples,  so  that  Xm 
is  meaningful,  i.e.  M/H  =  dM/dH.  The  quasi-linear  variations  of  Xm 
with  T  at  the  susceptibility  can  be  described  by  a  Curie-Weiss  law 


„  /Ni(2  x  0.287  ±0.04) 

1.02  [Z) 

The  result  is  ?7  =  0.08.  To  relate  this  parameter  to  the  thickness  of 
the  delithiated  layer,  we  need  the  shape  and  size  of  the  particles 
that  can  be  deduced  from  the  analysis  of  SEM  image  reported  in 
Fig.  3.  In  first  approximation,  the  primary  particles  are  cylinders 
of  width  D  =  0.5  pun  and  length  L  =  2  p,m,  which  corresponds  to  a 
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Sample  A 


Sample  B 


Fig.  3.  SEM  images  of  Lii+X  (Nii/3Mn1/3Coi/3)i_x02  samples  A  (up)  and  B  (down). 


volume  of  the  primary  particle  V=ttD2LI4.  Let  d  be  the  thickness  of 
the  delithiated  layer,  so  that  the  volume  of  the  delithiated  part  of 
the  particle  is  nDLd,  and: 


jtDLd  _  4  d 
11  ~  ttD2L/4  ~  D 


(3) 


From  these  equations,  we  find  an  estimate  d  =  lOnm  for  sample  A. 
For  sample  B,  the  same  calculation  gives  exactly  the  same  value 
of  rj,  and  then  of  d  since  the  size  and  shape  of  the  particles  is  the 
same  (see  Fig.  3).  This  is  the  proof  that  the  reaction  to  humidity  is 
independent  of  the  Li/M  molar  ratio. 

The  determination  of /Ni  also  allows  us  to  determine  the  cation 
disorder.  The  concentration  of  Ni2+  on  Li  sites,  i.e.  Ni2+(3b)  defects 
has  been  determined  before  aging  in  [11],  from  the  analysis  of 
magnetization  curves  M(H)  at  low  temperature.  The  magnetiza¬ 
tion  curves  after  aging  are  reported  in  Fig.  4.  The  non-linearity 
of  M(H)  at  4.2 1<  is  due  to  the  ferromagnetic  spin  freezing  of  the 
Mn4+(3a)  -  Ni2+(3b)  pair  at  low  temperature.  At  4.2  K  where  the 
magnetization  of  this  pair  is  saturated,  the  effective  spin  of  the  pair 
is  5ci  =  (SMn  +  5Ni)  =  5/2,  since  the  Mn4+  and  Ni2+  ions  carry  a  spin 
SM n  =  3/2  and  SNi  =  1 ,  respectively  (and  no  orbital  momentum,  since 


0  5  10  15  20  25  30 

Magnetic  field  (kOe) 


Fig.  4.  Isothermal  plots  of  the  magnetization  M(H)  after  aging  for  samples  A  and  B. 


it  is  quenched  by  the  crystal-field).  This  effective  spin  is  easily  sat¬ 
urated  at  4.2  K  by  application  of  the  magnetic  field,  and  thus  gives 
a  contribution  5  /xB  to  the  magnetization  at  large  value  of  H,  giving 
rise  to  the  magnetization  Ms  measured  by  extrapolation  of  M(H) 
from  large  values  of  H  to  H  =  0  (see  Fig.  4).  We  can  then  estimate  the 
amount  of  Ni2+(3b)  defects  as  the  ratio  between  Ms  and  the  magne¬ 
tization  at  saturation  M0  the  sample  would  have  if  all  the  Mn  and 
Ni  ions  were  saturated  ferromagnetically.  This  has  been  done  in 
prior  works  [11,21,22]  before  aging.  For  sample  A,  for  instance,  the 
result  before  aging  is  a  concentration  [Ni2+(3b)]  =  1.88%  and  1.50% 
for  sample  B  [  1 1  ].  In  addition,  we  have  shown  in  [  1 1  ]  that  the  results 
are  in  agreement  with  the  [Ni2+(3b)]  concentration  deduced  from 
Rietveld  refinement.  After  aging,  one  has  to  calculate  M0.  It  can  be 
deduced  from  the  following  formulas  given  per  chemical  formula 
for  sample  A,  for  which  [(1  -x)/3  -  2x]  =  0.287  and  the  amount  of 
Ni3+  is  2x  =  0.04: 

Concentration  of  Ni4+(spinS  =  2) :  0.287 /Ni  +  0.04/Ni 
Concentration  of  Ni2+(spinS  =  1 ) :  0.287  x  (1  -/N j) 

Concentration  of  Ni3+(spinS=  3/2) :  0.04  x(l  -/Nj) 

Concentration  of  Mn4+( spinS  =  3/2) :  (1  -x)/3  =  0.327 

Note  that  the  Ni4+  is  in  the  high-spin  state  in  the  surface  layer. 
It  should  not  be  confused  with  the  Ni4+  valence  state  that  is  formed 
inside  the  bulk,  which  is  in  the  low-spin  state.  The  spin  state 
depends  on  the  strength  of  the  crystal  field.  The  ion  in  the  d6  con¬ 
figuration  is  in  the  high-spin  state  if  the  crystal-field  is  small  (this  is 
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Fig.  5.  Raman  spectra  of  sample  B  in  the  pristine  state,  and  after  exposure  to  ambient 
atmosphere  during  24  h. 


the  case  of  Fe2+  in  LiFeP04  for  instance),  and  in  the  low-spin  state 
in  case  the  crystal  field  is  strong  enough  so  that  the  Hund’s  rule 
is  violated.  In  LiNi^Mn^Co^O^  the  surface  relaxation  weakens 
the  crystal  field  in  the  surface  layer,  which  results  in  this  spin  tran¬ 
sition  in  the  surface  layer.  Note  a  similar  effect  is  also  observed  in 
LiFeP04  since  Fe3+  in  the  delithiated  surface  layer  is  either  in  the 
low-spin  or  high-spin  state,  depending  on  the  surface  state,  except 
that  it  is  a  spin  transition  in  the  d5  shell  in  this  later  case  [23]. 

The  value  of  M0  deduced  from  these  equations, 
taking  into  account  that  /Ni  =  0.14,  and  the  value  of 
Ms  =  186  emu/mol  =  0.0332  /xB  deduced  for  Fig.  4,  give  [Ni2+(3b)] 
=  Ms /Mo  =  1.89%.  This  value  is  within  experimental  error  equal  to 
[Ni2+(3b)]  before  aging.  This  is  also  true  for  sample  B  (see  Table  2), 
which  shows  that  the  defects  are  not  involved  in  the  aging  process. 


3.3.  Raman  spectroscopy 

Raman  spectroscopy  has  been  used  to  determine  which  species 
have  been  formed  by  the  lithium  removed  from  the  surface  layer. 
The  material  has  the  spectroscopic  D3d  symmetry,  in  which  the 
vibration  modes  associated  to  each  transition-metal  ion  are  decom¬ 
posed  as  follows: 

r  =  2A2u  +  2£2u  +  A\g  +  Eg.  (4) 

Only  the  Alg  and  Eg  are  Raman  active  modes.  The  Alg  and  Eg 
modes  originate  from  the  M-0  symmetrical  stretching  and  O-M-O 
bending  vibrations,  respectively.  Since  the  compound  has  three  M- 
ions,  we  expect  3A\g  modes  and  3 Eg  modes  that  overlap  to  give  rise 
to  the  two  broad  A\g  and  Eg  structures  in  Fig.  5  for  the  pristine  sam¬ 
ple.  The  quantitative  analysis  of  this  Raman  spectrum  of  pristine 
LiNi1/3Mn1/3Co1/302  has  been  reported  in  [21].  Upon  exposure  to 
ambient  atmosphere  for  one  day,  the  spectrum  of  the  same  sample 
shows  three  additional  bands  (markers  “  +  ”  in  the  figure)  that  are 
characteristic  of  LiOH  [6,23],  and  another  band  (marker  “x”)  char¬ 
acteristic  of  C03  molecular  unit  [24],  which  confirms  the  presence 
of  Li2C03  in  addition  of  the  lithium  hydroxide.  We  thus  recover  the 
general  trend  in  intercalation  compounds,  whether  they  are  lamel¬ 
lar  or  not,  according  to  which  the  reaction  of  lithium  with  FI20  at  the 
surface  results  in  the  delithiation  of  the  surface  layer,  the  lithium 
involved  in  the  process  forming  LiOFI  and  Li2C03  at  the  surface. 


3.4.  Electrochemical  analysis 

The  degradation  of  the  surface  of  LiNi1/3Mn1/3Co1/302  affects 
the  electrochemical  properties  of  the  material  as  a  cathode  ele¬ 
ment.  Fig.  6  shows  the  charge  and  discharge  curves  for  the  first  two 
cycles  of  sample  B  after  aging  with  a  constant  current  density  of  1C 
rate  (lC  =  150mA/g)  between  3.0  and  4.3  V  versus  Li°/Li+  at  room 
temperature.  The  first  charge  capacity  and  discharge  capacity  are 
163  and  139  mAh/g,  respectively.  The  irreversible  capacity  loss  in 
the  first  cycle  is  24  mAh/g  and  the  coulombic  efficiency  is  85.3% 
(Fig.  7).  The  discharge  capacity  of  sample  B  after  aging  reduced  to 
about  93%  of  its  pristine  powder,  due  to  delithiation  during  the 
aging  process.  After  30  cycles,  the  discharge  capacity  is  132  mAh/g 
and  the  capacity  retention  is  95%  (Fig.  8).  The  same  result  before 
aging  is  also  reported  for  comparison  to  emphasize  the  damage 
induced  by  exposure  to  water  on  the  electrochemical  properties. 
On  another  hand,  the  capacity  loss  does  not  significantly  depend 
on  the  cycle  number,  and  it  corresponds  to  the  fact  that  the  capac¬ 
ity  is  reduced  by  the  amount  of  lithium  that  has  been  removed 
in  the  10  nm-thick  surface  layer  upon  exposure  to  humidity.  It  cor¬ 
roborates  that  the  remaining  part  of  the  material  is  not  significantly 
affected,  and  these  results  are  self-consistent  with  the  analysis  of 
the  magnetic  properties  of  the  previous  section. 

4.  Discussion 

In  their  work  on  UV02,  Manthiram  and  Goodenough  [25]  were 
the  first  to  show  the  migration  of  lithium  ions  to  the  surface 
on  exposing  the  layered  oxides  to  moisture,  and  the  consequent 


Fig.  7.  Cycling  performance  and  coulombic  efficiency  of  sample-B  after  aging. 
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Fig.  8.  Comparison  of  cycling  performance  of  sample  B  before  and  after  aging. 


formation  of  U2CO3.  The  presence  of  lithium  carbonate  on  the  sur¬ 
faces  of  active  cathode  materials  such  as  LiNi02  and  its  analogues 
LiNii  _x_yCoxAly02  has  long  been  noted  [26-35].  The  surface  of  the 
particles  in  the  present  work  has  been  characterized  after  a  brief 
exposure  to  moisture.  This  is  the  reason  why  we  have  detected 
LiOH.  The  same  holds  true  on  the  surface  of  other  intercalation 
compounds,  even  if  they  are  not  lamellar,  like  LiFeP04  [23].  On 
another  hand,  only  Li2C03  is  observed  after  a  long  exposure  in 
LiNio.8Coo.15Alo.05O2  (two  years  in  that  case).  Matsumoto  et  al.  car¬ 
ried  out  a  detailed  study  [31]  of  the  reaction  of  LiNii  -x-yCoxAly02 
with  C02,  and  concluded  that  the  formation  of  Li2C03  is  presumed 
to  take  place  via  reaction: 

LiM02+(z/4)02+(z/2)C02  ->  Lii_zM02  +  (z/2)Li2C03,  (5) 

according  to  which  the  rate  of  reaction  was  limited  by  diffusion  of 
CO2  through  a  dense  surface  layer  of  Li2C03.  Nevertheless,  the  pres¬ 
ence  of  LiOH  we  have  detected  after  a  short  time  of  exposure  shows 
that  the  lithium  carbonate  is  formed  in  a  two-step  process  that  is 
masked  by  Eq.  (5).  LiOH  and  Li20  are  formed  by  reaction  with  H20 
first,  and  are  rapidly  converted  in  Li2C03  by  reaction  with  C02  in 
a  second  step.  This  process  accounts  for  the  very  rapid  appearance 
of  Li2C03  on  the  surfaces  of  fresh  samples  following  brief  exposure 
to  air. 

It  has  been  shown  [36]  that  the  air  exposure  of 
LiNio.8Coo.15Alo.05O2  cathodes  fabricated  for  use  in  high-power 
cells  produces  a  large  amount  of  Li2C03  severely  limits  the  perfor¬ 
mance  of  the  electrodes  by  means  of  partial  or  complete  isolation 
of  active  material  by  means  of  partial  or  complete  isolation  of 
active  material.  The  same  holds  true  in  our  case.  The  analogy 
with  our  results  is  even  more  striking.  The  thickness  of  the  Li2C03 
coat  has  been  estimated  to  lOnm  in  LiNio.8Coo.15Alo.05O2.  This 
is  the  thickness  of  the  delithiated  layer  that  we  have  found  in 
LiNii /3Mni/3Coi/302.  Since  the  lithium  that  has  been  removed 
from  the  surface  layer  is  entirely  used  to  form  Li2C03  after  Eq. 
(5),  we  expect  that  the  thickness  of  Li2C03  coat  and  that  of 
the  delithiated  layer  are  about  the  same,  which  implies  that 
the  sensitivity  to  moisture  is  the  same  in  LiNii  _x_yCoxAly02 
and  LiMni  _x_yCoxAly02.  Of  course,  magnetic  experiments  are 
sensitive  only  to  the  change  of  the  valence  of  the  metal  ion 
upon  delithiation,  so  that  we  could  only  determine  the  thickness 
of  the  delithiated  layer,  while  in  [36],  it  was  the  opposite:  the 
experimental  tool  was  high  resolution  transmission  microscopy 
that  could  detect  only  the  Li2C03  layer.  In  this  sense,  the  present 
work  can  be  considered  as  a  complementary  approach.  The  results 
also  suggest  that  the  sensitivity  of  LiM02  to  moisture  does  not 
significantly  depend  on  M. 


The  other  feature  hat  we  have  observed  in  the  present  work  is 
that  the  delithiated  layer  at  the  surface  of  the  articles  is  stabilized 
after  a  very  short  time  of  exposure.  Moreover,  the  lattice  parame¬ 
ter  remains  unchanged,  so  that  the  delithiation  occurs  only  in  the 
surface  layer.  This  can  be  understood  if  we  note  that  the  diffusion 
coefficient  of  the  species  involved  in  the  reaction  of  Li  with  air  is 
small.  After  the  surface  has  been  delithiated  over  a  thickness  of 
10  nm,  Li  ions  below  this  surface  layer  are  too  far  from  the  surface 
to  react  with  the  air,  and  C02  is  too  far  from  them  to  diffuse  and 
reach  them.  If,  however,  we  give  time  to  this  diffusion  process,  the 
lithium  ions  will  diffuse  to  homogenize  the  Li  distribution.  This  dif¬ 
fusion  process  helps  to  conciliate  our  results  with  the  variation  of 
the  lattice  parameter  observed  in  LiNio.8Coo.15Alo.05O2  exposed  to 
air  during  two  years  [36],  or  in  LiV02  where  surface-adsorbed  oxi¬ 
dants  extract  lithium  from  the  bulk  up  to  the  phase  limit  Li0  7VO2 
[25]. 

The  influence  of  the  exposure  to  moisture  on  the  electrochem¬ 
ical  properties  has  been  more  controversial.  It  has  been  reported 
that  Li2C03  disappears  from  FT-IR  spectra  [37]  of  LiCo02  and 
LiMn204  electrodes  and  from  X-ray  photoelectron  spectra  [33] 
of  LiNio.8Coo.2O2  cathode  surfaces  after  cycling.  A  similar  behav¬ 
ior  in  lightly  contaminated  LiNio.sCoo.15Alo.05O2  electrodes  stored 
or  cycled  in  LiPF6  EC/DEC  (1:1)  electrolyte  [38].  However,  more 
recent  studies  [36]  have  shown  that,  even  after  extended  cycling 
and  following  overcharging  to  4.3  V,  Li2C03  was  still  present  in 
the  heavily  contaminated  electrode,  and  the  capacity  loss  was 
not  recovered.  We  find  the  same  result  in  the  present  work  on 
LiNi1/3Mn1/3Co1/302,  as  the  cycling  did  not  lead  to  any  improve¬ 
ment  (see  Fig.  8).  Since  the  Li  counter  electrode  is  a  reservoir  of  Li, 
one  might  have  expected  that  a  complete  depth  of  discharge  might 
have  relithiated  the  surface  layer,  which  is  actually  what  we  had 
observed  in  the  case  of  LiFeP04.  We  do  not  have  this  recovery  here, 
which  comforts  the  hypothesis  proposed  earlier  [36],  according  to 
which  partial  isolation  due  to  the  Li2C03  deposited  on  the  surface  of 
the  active  material  is  the  mechanism  for  power  and  capacity  losses. 


5.  Conclusion 

The  layered  Li4  +x(Ni1/3Mn1/3Co1/3)i _x02  compound  was  syn¬ 
thesized  via  co-precipitation  method  with  different  Li/M  molar 
ratios.  We  have  explored  the  reactivity  of  LiNi1/3Mn1/3Co1/302 
to  H20  by  investigating  the  evolution  of  the  structural,  mag¬ 
netic  and  electrochemical  properties  of  LiNi1/3Mn1/3Co1/302 
upon  exposure  to  moisture  (ambient  air  20  °C,  60%  humidity). 
Lii  +x(Ni1/3Mn1/3Co1/3)i  _x02  compound  is  very  sensitive  to  humid¬ 
ity.  The  aging  process  has  important  magnetic  effect  on  powders 
and  it  occurs  during  the  first  few  minutes  only  (then  it  saturates). 
The  Li-ions  that  have  reacted  with  H20  have  delithiated  a  surface 
layer  to  form  at  the  surface  LiOH  and  Li2C03  detected  by  Raman 
spectroscopy.  The  thickness  of  the  surface  layer  affected  by  this  pro¬ 
cess  can  be  estimated  from  the  conversion  of  Ni2+  and  Ni3+  to  Ni4+ 
implied  by  this  delithiation  inside  this  layer,  which  can  be  detected 
by  magnetic  properties.  The  thickness  of  the  surface  layer  is  10  nm, 
irrespective  of  the  Li/M  molar  ratio.  The  presence  of  [Ni2+(3b)] 
defects  does  not  affect  this  reaction  to  humidity  either.  The  initial 
discharge  capacity  of  sample  B  after  aging  is  about  93%  of  that  of  its 
pristine  powder  and  the  capacity  retention  is  95%  after  30  cycles. 
This  material  is  then  more  sensitive  to  humidity  than  another  cath¬ 
ode  material,  LiFeP04.  In  this  later  case,  we  had  determined  that  the 
delithiation  process  takes  place  in  a  layer  of  thickness  3  nm  only, 
presumably  because  FeP04  is  waterproof  [1 1  ].  This  protection  has 
been  lost  in  Lii+x(Ni1/3Mn1/3Co1/3)i  _x02,  so  that  storage  of  this 
material  in  dry  chamber  is  mandatory. 
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